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SUMMARY
The process of DNA ejection from the head of PL-1, a Lactobacillus casei ATCC 27092 phage, was studied by electron microscopy by counting the number of ghost particles with empty heads among phages already adsorbed to the cell. The process of DNA ejection was temperature-and live cell-dependent.
Concerning the initial steps of phage infection, the process of genome penetration is less understood than that of the preceding phage adsorption (Goldberg, 1980) . In the tailed phages containing double-stranded DNA, the process of DNA penetration may be divided into the following stages: ejection of DNA from the head, DNA traversal of the tail, exit of the DNA and DNA uptake into the cytoplasm. In order to study these processes as a whole, the method of blending devised by Hershey & Chase (1952) , which determines the amounts of 32p-labelled phage not sheared from the host cells by blender treatment, has been widely employed (Luria & Steiner, 1954; Seto et al., 1964; Watanabe & Takesue, 1972) . Other methods depend on the determination of the plaque-forming ability of blender-resistant phage-cell complexes (Watanabe & Takesue, 1973) , of the host killing ability of phages (Watanabe & Takesue, 1972; Kanegasaki & Tomita, 1976) , and of the amounts of 32p.labelled phage DNA degraded by the host restriction system (Simmon & Lederberg, 1972; Scandella & Arber, 1974) . However, these methods are all somewhat indirect and sometimes troublesome to carry out. More recently, Lundstr6m et al. (1979) have observed in thin sections of Escherichia coli infected with PR4 phage that the relative number of empty particles in contact with cells increased during infection.
The present communication describes a study by electron microscopy of the process of DNA ejection from the head of the phage PL-1 which infects Lactobacillus casei ATCC 27092 (Watanabe et al., 1970 (Watanabe et al., , 1982 . This electron microscopic technique is simpler than that of Lundstr6m et al. (1979) and no report of similar results for any other phage system has appeared. This method is based on the fact that a phage particle whose head has ejected its DNA, i.e. a 'ghost' particle, can be easily distinguished from an intact particle with tightly packed DNA in the head by negative staining. For this, a drop of a preparation was placed on a 400-mesh copper grid covered with collodion-carbon film for 30 s. After removal of the excess liquid with filter paper, a drop of 1.5 % uranyl acetate pH 4.5 was added for 30 s. The excess of liquid was removed again and the preparations were dried. Electron micrographs were taken with a JEOL-100 C electron microscope operating at 80 kV. PL-1 phage, which is classified in the B group of Bradley (1967) , was propagated and purified as previously described (Watanabe et al., 1982) . The purified phage preparation was examined by electron microscopy after negative staining. A phage preparation which contained less than 5 ~ of ghost particles was used in the following experiments.
Cells were infected with phage during the exponential growth phase (OD60o = 0.35) at a multiplicity of infection (m.o.i.) of about 100, and incubated at 37 °C in MR medium pH 6.0. * Each cell suspension (OD600 = 0.35) was infected with PL-1 at a m.o.i, of about 100 and incubated at 37 °C or 0 °C in MR medium pH 6.0. At intervals, aliquots were fixed with 1~ glutaraldehyde at 0 °C for 60 min and centrifuged. The phage-cell complexes from the pellets were negatively stained with 1-5% uranyl acetate for electron microscopy. Then, the numbers of both the intact and ghost particles which could be observed on a cell were counted on 19 to 28 separate cells. The values shown are means ± S.D.
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Samples of the incubation mixture were taken at intervals. Part of each sample was centrifuged at 4500 g for 3 min to sediment the phage-adsorbing cells and the supernatant fluid was assayed for unadsorbed phages. The number of unadsorbed free phages thus measured decreased to less than 0.5~ of the input phages during 5 min incubation, showing that most of the input phages were adsorbed to the ceils almost instantly.
Samples taken 0.5, 10, 30, 60 and 90 min post-infection were fixed with 1 ~ glutaraldehyde in MR medium pH 6.0 at 0 °C for 60 rain. After washing twice with 50 mM-Tris-maleate buffer pH 6.0 and centrifuging, the phage-cell complexes formed were negatively stained with 1-5 ~o uranyl acetate and observed under the electron microscope. As expected, most of the input phages were adsorbed to the cells rapidly and in a tail-first orientation. This is shown in Fig. 1 , which is from a sample taken at 1 min post-infection. Intact phages, having a head filled with DNA, and ghost particles having an empty head were counted on 19 to 28 separate cells of each sample. Each cell was seen to adsorb about 50 phage particles on average. In the early stages of phage infection, most of the adsorbed particles were intact, retaining the morphology of normal DNAcontaining phages. However, as the infection progressed, the relative number of intact particles in contact with cells gradually decreased and that of ghosts increased, showing that ejection of DNA from the phage head had taken place. Although we have not proved that phage DNA penetration into host cells is what we are observing, successful DNA penetration is supposed to occur almost concurrently. In separate experiments, using ghost particles obtained as a byproduct in the process of phage purification, it was shown that the ghost particles had an empty head free of DNA and that they adsorbed to cells without causing cell lysis. Table 1 shows the time course of the change in the relative number of ghost particles to the total number of particles adsorbed to a cell [ghost/(intact + ghost)]. The process of appearance of ghost particles occurred a little later than that of phage adsorption. This is probably because some processes such as irreversible adsorption or formation of phage-infected cells (Watanabe & Takesue, 1975; Watanabe et al., 1980) usually precede DNA ejection. The relative number of ghost particles in contact with cells increased during infection. At 30 min post-infection about 55 ~ of the adsorbed particles were ghosts, and at 60 rain post-infection more than 80~ were ghosts, although some intact particles were also seen. During the times examined, premature lysis of the cells due to high m.o.i, was not observed. One-step growth experiments at a m.o.i, of about 100 in MR medium pH 6.0 at 37 °C showed that the latent period of phage PL-1 was about 90 min with extracellular phage release continuing up to 160 min after phage infection. This value was a little lower than that of a single infection (m.o.i. = 0.07) (Watanabe et al., 1970) .
The rate of appearance of ghost particles measured by electron microscopy, which reflects the average rate of the total DNA ejection of adsorbed phages into already infected cells, was much lower than that of phage adsorption. This can be ascribed to the different nature of the two phenomena measured. Phage adsorption, which was determined by assaying the decrease in the number of free phages in the supernatant fluid of phage-cell mixtures, is a relatively simple process including only initial recognition and binding. On the other hand, the ejection of phage DNA from the head, which was observed under the electron microscope, is a complex process which must be closely associated with DNA penetration into host cells.
Since the appearance of ghost particles required more time than adsorption, it was considered useful to follow by electron microscopy DNA ejection and uptake into host cells and study the effect of different physical conditions on DNA injection.
When the cells were infected by phages at 0 °C under the same conditions, the rate of phage adsorption was almost identical to that at 37 °C. However, as Table 1 shows, the relative number of ghost particles among the adsorbed phages did not increase during the incubation period. Cells that had been inactivated to less than 0.1 ~o survivors either by keeping the cell suspensions in boiling water for 5 min or by exposing them to u.v. light (15 W) were infected with phages at 37 °C, as above. Although the phages were adsorbed by both kinds of killed cells as successfully as by live cells, the phages were not transformed into ghosts (data not shown). These findings indicate that the process of DNA ejection is temperature-dependent and requires a live host cell. Presumably an enzymic reaction using energy is required for the process, although energy uncouplers have not yet been tested here.
